The basidiomycete smut fungus Ustilago maydis causes common smut of corn. This disease is spread through the production of teliospores, which are thick-walled dormant structures characterized by low rates of respiration and metabolism. Teliospores are formed when the fungus grows within the plant, and the morphological steps involved in their formation have been described, but the molecular events leading to dormancy are not known. In U. maydis, natural antisense transcripts (NATs) can function to alter gene expression and many NATs have increased levels in the teliospore. One such NAT is as-ssm1 which is complementary to the gene for the mitochondrial seryl-tRNA synthetase (ssm1), an enzyme important to mitochondrial function. The disruption of ssm1 leads to cell lysis, indicating it is also essential for cellular viability. To assess the function of as-ssm1, it was ectopically expressed in haploid cells, where it is not normally present. This expression led to reductions in growth rate, virulence, mitochondrial membrane potential and oxygen consumption. It also resulted in the formation of as-ssm1/ssm1 doublestranded RNA and increased ssm1 transcript levels, but no change in Ssm1 protein levels was detected. Together, these findings suggest a role for as-ssm1 in facilitating teliospore dormancy through dsRNA formation and reduction of mitochondrial function.
Introduction
The smut (Ustilaginales) and rust (Pucciniales) fungi are basidiomycete plant pathogens responsible for billions of dollars in crop losses annually . Both groups of fungi produce teliospores which are dispersal agents and the protective structures for sexual reproduction. They are formed only during growth within the host plant, have thick, often melanized cell walls and are generally dormant. These attributes allow teliospores to protect the genetic material of the fungus while it is outside of the host. As such, teliospores are critical for disease spread and maintenance of genetic variation in these pathogens. Yet, most of these fungi are obligate pathogens and cannot be cultured outside the host. To investigate the molecular aspects of teliospore formation we are using the tractable smut fungus Ustilago maydis (DC.) Corda.
Ustilago maydis infects Zea mays L. ssp. mays causing common smut of corn and has emerged as a model for studying biotrophic plant pathogenesis by basidiomycete fungi. It is readily cultured on defined medium, amenable to biochemical investigation, genetic analysis and molecular manipulation, and its 20 MB genome has been sequenced and annotated. These attributes have been reviewed in Banuett (1995) , Martinez-Espinoza et al. (2002) , Kahmann and K€ amper (2004) , Brefort et al. (2009) , Steinberg and Perez-Martin (2008) , and Djamei and Kahmann (2012) . The U. maydis sexual/disease cycle can be completed in 21 days after infection of Z. mays seedlings. It begins with the fusion of compatible non-pathogenic haploid cells to form the filamentous pathogenic dikaryon which grows between and within plant cells, eliciting the formation of tumours. In the tumours diploid unicellular teliospores develop (Snetselaar and Mims, 1994; Banuett and Herskowitz, 1996) . The dikaryotic hyphae fragment and round, producing teliospore initials by approximately 9 days post infection (dpi; Banuett and Herskowitz, 1996; Doyle et al., 2016) . As a specialized cell wall begins being deposited, these teliospore initials progress to mature teliospores, which appear at approximately 12 dpi and are characterized by Accepted 22 November, 2016 melanized and echinulate cell walls. These teliospores can remain dormant for years (Christensen, 1963) .
Dormancy is defined as the period of a life-cycle when growth, development and metabolic activity are temporarily paused (Sussman, 1966) . The dispersed mature U. maydis teliospore is dormant; it does not exhibit active growth, and has reduced water content and metabolism, including low or non-existent respiration (Caltrider and Gottlieb, 1963) . Germination of dormant teliospores is induced by the presence of a carbon source (e.g., specific sugars; Shetty and Safeeulla, 1979) . During the early stages of teliospore germination, metabolic activity is restored and oxygen uptake is rapidly induced (Allen et al., 1965) . Therefore the U. maydis dormancy pause must include a regulated and reproducible means of suppressing mitochondrial function.
Fundamental processes involved in mitochondrial biogenesis and cellular respiration are dependent on the expression of nucleus-encoded genes (Tzagoloff and Myers, 1986) . In human cells, microRNAs moderate mitochondrial function by altering the expression of nucleus-encoded mitochondrial proteins (Tomasetti et al., 2013) . However, microRNAs have not been detected in U. maydis and it lacks the RNA interference pathway (RNAi; Laurie et al., 2008 Laurie et al., , 2012 . Expressed sequence tag (EST) library and RNA-seq analysis in U. maydis revealed the existence of natural antisense transcripts (NATs), which are noncoding RNAs (ncRNAs) complementary to protein coding sequences (Ho et al., 2007; Morrison et al., 2012; M.E. Donaldson et al., unpublished) . NATs have been shown to function in various aspects of controlling gene expression in several fungi (reviewed in Donaldson and Saville, 2012) . In U. maydis, a characterized NAT forms double-stranded RNA (dsRNA) with its sense counterpart and increases mRNA steady-state levels. Altering the expression of this NAT reduces virulence (Donaldson and Saville, 2013) . NAT-mediated control of mRNA stability has also been demonstrated in Chlamydomonas reinhardtii, where natural antisense transcription at the mitochondrial ATP synthase locus (atpB) prevents exonuclease degradation of the mRNA, due to the formation of sense and antisense (S/AS) dsRNA (Nishimura et al., 2004) . Therefore, it is reasonable to suggest that NATs bind to mRNAs of nucleus-encoded mitochondrial proteins, alter their expression and lower mitochondrial function in a manner that is reversible.
The molecular biology of dormant fungal spores provides some context for the possibility that NATs contribute to the control of mitochondrial function in the dormant U. maydis teliospore. Proteins and RNAs are stored in fungal spores and activated during the initial stages of germination (Brambl, 2009) . For example, Neurospora crassa cytochrome components are preserved during conidia dormancy and are responsible for rapid oxygen uptake during the initiation of germination (Stade and Brambl, 1981) . In Trichophyton rubrum, stored mRNAs coding proteins related to the regulation of biological processes are present in the dormant arthroconidia, and prepare these cells for rapid activation of the translational machinery upon germination (Liu et al., 2007) . A targeted study of maize seed germination indicated that transcripts of the nucleus-encoded mitochondrial protein ATPase subunit 9 (atp9) are abundant during dormancy and actively translated during the initial 6 h of germination (Ehrenshaft and Brambl, 1990) . Early investigations of gene expression during germination revealed that protein synthesis occurs prior to RNA synthesis in Saccharomyces cerevisiae spores (Rousseau and Halvorson, 1973) and U. maydis teliospores (Tripathi and Gottlieb, 1974) . This rapid protein synthesis suggested immediate translation of stored mRNAs is required for fungal spore germination (Wenzler and Brambl, 1981) , with the stored mRNAs possibly encoding functions related to metabolism including the activation of respiration. The conservation of reduced oxygen uptake during metabolic dormancy suggests analogous mechanisms of metabolic control could be present in teliospores. Interestingly, RNA-seq analysis of the U. maydis teliospores revealed metabolism-related transcripts are stored during dormancy (M.E. Donaldson et al., unpublished) , however the mechanism through which they are stored remains elusive.
We hypothesize that U. maydis NATs modulate the expression of nucleus-encoded mitochondrial proteins during the transition from physiologically active dikaryon to dormant teliospores, and from dormant to germinating teliospores. We predicted that NATs stabilize transcripts of these genes by binding their 3 0 UTR, altering mRNA stability and modifying protein production or activity. The formation of S/AS dsRNA is a reversible process that is predicted to be involved in reducing mitochondrial function during entrance into a dormant state (teliospore formation) and to stabilize mRNAs during dormancy. The dsRNAs would be subsequently unwound during the early stages of germination, providing rapid access to translatable RNAs leading to increased mitochondrial function. This hypothesis is supported by the initial characterization of ssm1 and as-ssm1 presented here.
Results

NATs to genes in the nucleus that encode mitochondrial functions
To assess the hypothesis that teliospore-specific expression of NATs to genes in the nucleus that encode mitochondrial proteins is associated with cellular dormancy, NATs with preferential expression in the dormant teliospore were identified. U. maydis EST libraries (Ho et al., 2007; Morrison et al., 2012; Donaldson and Saville, 2013) were examined for the presence of NATs complementary to genes in the nucleus that encode mitochondrial proteins. A total of 35 NATs spanning 33 loci were identified (Supporting Information Table S1 ), and subjected to further analysis. Strand-specific semi-quantitative RT-PCR analyses were conducted on RNA from haploid cells and dormant teliospores at all 33 loci. Expression of EST-predicted NATs overlapping genes in the nucleus that encode mitochondrial proteins was confirmed at all 33 loci, and results for a representative subset of the 33 loci are presented in Fig. 1 . Preferential NAT expression in the dormant teliospore was only identified at the UMAG_12232 locus, which codes for a mitochondrial seryl-tRNA synthetase (Ssm1). A schematic representation of the ssm1 locus is presented in Fig. 2 . Given the ssm1 NAT (as-ssm1) overlaps the 3 0 end of ssm1 and is expressed in the dormant teliospore but absent from haploid cells, this NAT was an appropriate candidate for examining the hypothesis that a subset of NATs regulate the expression of nucleus-encoded mitochondrial proteins in the dormant teliospore. 16 (dT), DEPCtreated H2O (W), sensespecific primer (S) and antisense-specific primer (A). A size marker was included (M), along with genomic DNA PCR controls (gDNA), and a no template control (NTC). A glyceraldehyde 3-phosphate dehydrogenase (GAPDH)-specific first-strand primer was included in each first-strand reaction as an internal control. Levels of the GAPDH PCR products correspond to the amounts of input RNA in each reaction. Preferential NAT expression in the dormant teliospore is indicated (*), and was the basis for selection of ssm1 as a candidate gene.
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An ortholog to the U. maydis as-ssm1 is conserved in the closely related smut fungus Sporisorium reilianum If as-ssm1 has a function in U. maydis, it might be conserved in closely related smut fungi. High-throughput RNA-seq analysis of smut genomes conducted concurrently with the present study (M.E. Donaldson et al., unpublished) identified a 114 nt embedded NAT overlapping the S. reilianum ssm1 ortholog (sr14493), and this data was used to direct RT-PCR primer design. Strandspecific semi-quantitative RT-PCR analysis was conducted on RNA isolated from SRZ1 and SRZ2 haploid S. reilianum strains, as well as the SRZ1 x SRZ2 dikaryon and teliospores to identify transcripts from the strand opposite sr14493. These RT-PCRs confirmed expression of a NAT to the ssm1 ortholog in S. reilianum dikaryons and teliospores (Fig. 3) .
Expression of as-ssm1 in planta and the development of dormant teliospores are temporally linked To assess whether the pattern of as-ssm1 expression was consistent with it having a role in teliospore dormancy, RNA was extracted from samples taken from a seedling infection time course. Seven-day old seedlings were infected with the SG200 solopathogenic strain. Infected tissue samples were harvested at 6, 8, 10, 12 and 14 dpi. RNA was isolated from these samples and strand-specific semi-quantitative RT-PCRs were conducted to detect as-ssm1 and the transcript of a gene with teliospore specific expression, UMAG_01426 (A.M. Seto and B.J. Saville, unpublished) . as-ssm1 transcripts and those for the teliospore marker gene were both detected in the 10, 12, and 14 dpi time points (Fig. 4) . ssm1 is essential for cellular integrity and viability As a means of assessing the importance of ssm1 to cell viability, the ORF was deleted following a modification of the homologous recombination-based method of K€ amper (2004) . A two-step method for deletion was employed in which an ssm1 cassette with a carbonsource inducible promoter was inserted into the genome at the ip locus (Basse et al., 2000) prior to deletion of the native ssm1. The resulting mutant strains (SG200Dssm1 crg1:ssm1) expressed ssm1 only in the presence of inducing L-arabinose, and were effectively deletion mutants in the presence of repressive D-glucose. When grown in the presence of L-arabinose, the mutant strains expressed ssm1 under the crg1 promoter (data not shown) and grew at similar rates as wild-type haploid cells in both liquid and solid medium ( Fig. 5A and C). However, when grown under repressive D-glucose conditions, strains lacking ssm1 expression failed to proliferate (Fig. 5B and C) .
To assess whether SG200Dssm1 crg1:ssm1 cells growing under non-permissive conditions (ssm1 not induced) are dormant or actively undergoing cell lysis, they were examined at 4003 magnification following a 24 h incubation period. Induced haploid cells grow as typical wild-type haploid cells (Fig. 5D ), while uninduced haploid cells appeared disrupted (Fig. 5E ). There was also a substantial amount of cellular debris visible in the fields of views assessed (Fig. 5F ). locus is located on U. maydis chromosome 9. S/AS transcripts at the ssm1 locus overlap in a tail-to-tail orientation, with as-ssm1 masking a portion of the ssm1 3 0 UTR. A scale bar represents 100 nt. Fig. 3 . Natural antisense transcription at the ssm1 orthologous locus in S. reilianum. A. A schematic representation of the sr14493 locus. The ssm1 ortholog is located on S. reilianum chromosome 9. as-sr14493 represents a NAT of 114 nt in length, and S/AS transcripts at this locus overlap in an embedded orientation. The region of assr14493 overlap corresponds to a portion of the S/AS overlap in U. maydis. The schematic is to scale. B. RT-PCR detection of an ortholog to the U. maydis as-ssm1 in S. reilianum. RNA sources include SRZ1 and SRZ2 haploid cells (HAP) grown in PDB medium, SRZ1 x SRZ2 dikaryotic mycelia (DIK) grown on PDA with 1% charcoal and SRZ1 x SRZ2 teliospores (TDO). First-strand synthesis primers include Oligo(dT) 16 (dT), DEPC-treated H2O (W), a sr14493 sense-specific primer (S) and an as-sr14493 antisense-specific primer (A). A size marker was included (M), along with genomic DNA PCR controls (gDNA) and a no template control (NTC). Expression of the orthologous NAT is indicated (*).
Expression of as-ssm1 increases ssm1 mRNA levels through the formation of dsRNA
To assess the functional role of as-ssm1, the transcript was ectopically expressed at the ip locus in haploid cells -a cell type where it is not usually expressed. Two forms of this mutant strain were created: those with a single copy of as-ssm1 (SG200 otef:as-ssm1 s ), and those with multiple copies of as-ssm1 (SG200 otef:as-ssm1 m ). The impact of as-ssm1 expression on ssm1 steady-state mRNA levels was assessed. Strandspecific semi-quantitative RT-PCR was used to detect S/AS ssm1 transcripts in RNA isolated from SG200, SG200 otef:as-ssm1 s and SG200 otef:as-ssm1 m haploid cells. Figure 6A shows that ssm1 steady-state mRNA levels are increased in the presence of asssm1.
*
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M dT W S A dT W S A dT W S A dT W S A dT W S A gDNA NTC RNA Source 6 dpi 8 dpi 10 dpi 12 dpi 14 dpi ssm1 UMAG_01426 UMAG_gapdh * RNA Source M 6 dpi 8 dpi 10 dpi 12 dpi 14 dpi gDNA NTC * * * * Fig. 4 . In planta RT-PCR detection of as-ssm1 expression and dormant teliospore development. RNA sources include infected material isolated from the host at varying dpi. First-strand synthesis primers include Oligo(dT) 16 (dT), DEPC-treated H2O (W), an ssm1 sense-specific primer (S) and as-ssm1 antisense-specific primer (A). A GAPDH-specific first-strand primer was included in each first-strand reaction as an internal control. UMAG_01426 is a teliospore-specific marker. A size marker was included (M), along with genomic DNA PCR controls (gDNA) and a no template control (NTC). Appearance of as-ssm1 and dormant teliospores is indicated (*). A. SG200 wild-type and SG200Dssm1 crg1:ssm1 strains both grow on solid YEPA medium, which induces ssm1 expression in SG200Dssm1 crg1:ssm1 strains. B. On YEPS plates, ssm1 is not induced in SG200Dssm1 crg1:ssm1 strains which do not grow, but SG200 colonies do grow. C. The physical interaction between ssm1 and as-ssm1 and the potential for dsRNA formation was examined by S1 nuclease (a single-strand-specific nuclease) digestion of RNA isolated from SG200 and SG200 otef:asssm1 s cells. Digested RNA was reverse transcribed using an ssm1 sense-specific primer and the cDNA was amplified by PCR using primers directed to a region complementary to the expressed antisense (overlapping region) and the ssm1 region not complementary to the antisense (the non-overlapping region). The overlapping and non-overlapping regions were susceptible to cleavage in SG200 strains (no as-ssm1 expression), however the overlapping region was protected during S1 nuclease digestion in SG200 otef:as-ssm1 s strains (as-ssm1 expression) while the non-overlapping region was not (Fig. 6B ). This is consistent with the formation of dsRNA between ssm1 and as-ssm1 transcripts.
Expression of as-ssm1 results in attenuated growth rate
The impact of as-ssm1 expression was assessed by comparing growth rate of SG200, SG200 otef:as-ssm1 s and SG200 otef:as-ssm1 m haploid cells. The growth rate in axenic culture of SG200 cells carrying an empty p123 vector insertion did not differ from wild-type SG200 nor was in planta pathogenic development altered (Supporting Information Fig. S1 ); therefore, SG200 cells were used as controls in experiments involving SG200 otef:asssm1 strains. Equivalent cellular concentrations of SG200, SG200 otef:as-ssm1 s and SG200 otef:as-ssm1 m cells were inoculated into liquid medium and OD 600 measurements were taken at regular time intervals to establish growth curves. Results for three replicates are presented in Fig. 7A . The expression of as-ssm1 in haploid cells reduced growth rate in liquid medium. Growth rate was significantly different at all time points, however reported statistics reflect the 12 h time point. The SG200 otef:as-ssm1 m strains had a growth rate further reduced relative to the SG200 otef:as-ssm1 s .
Expression of as-ssm1 results in attenuated pathogenesis and virulence
The effect of as-ssm1 expression on pathogenesis was assessed by infecting seven-day-old corn seedlings with solopathogenic SG200 and SG200 otef:as-ssm1 A. RT-PCR analysis of ssm1 mRNA upon ectopic expression of as-ssm1. RNA sources include SG200, SG200 otef:as-ssm1 s and SG200 otef:as-ssm1 m haploid cells grown in YEPS medium (two biological replicates of each are shown). First-strand synthesis primers include Oligo(dT) 16 (dT), DEPC-treated H 2 O (W), an ssm1 sense-specific primer (S) and as-ssm1 antisense-specific primer (A). Amplification of GAPDH mRNA was used as an internal control. ImageJ was used to quantify ssm1 band intensity, standardized to GAPDH. Average RFI is reflected in the bar graph and error bars indicate standard deviation. A * indicates statistical significance compared with SG200 (One-way ANOVA, Tukey HSD post-hoc; p < 0.05). B. Nuclease-protection assays of ssm1 and as-ssm1 transcript interactions in SG200 otef:as-ssm1 s strains. Equal amounts of RNA were digested with increasing concentrations of S1 nuclease. RNA samples include SG200 and SG200 otef:as-ssm1 s haploid RNA. An ssm1 sense-specific first-strand primer was used in all reactions. A size marker was included (M) along with genomic DNA PCR controls (gDNA) and a no template control (NTC). Subsequent RT-PCRs revealed samples with protected RNA (*).
showed reduced pathogenesis and virulence relative to SG200 ( Fig. 7B and 7C ). With the SG200 otef:as-ssm1 s strain infections, symptoms appeared later and never reached the severity, in terms of tumour quantity and size, of SG200 infections. Stem tumours were very rarely seen in plants infected with SG200 otef:as-ssm1 s strains, and were very small in size when they did appear. Similar results were obtained for SG200 otef:asssm1 m strains (data not shown). To confirm constitutive expression of the as-ssm1 RNA under P otef in planta, strand-specific RT-PCR analyses were conducted on RNA from plant material infected with SG200 and SG200 otef:as-ssm1 s strains, revealing the presence of this transcript in infections with SG200 otef:as-ssm1 s strains but not in those with SG200, until endogenous expression initiates at 14 dpi (Supporting Information Fig. S2 ).
As a means of assessing teliospore development in SG200 otef:as-ssm1 s strains, microscopy and semiquantitative RT-PCR analyses were conducted. The teliospore-specific UMAG_01426 transcripts were only detected by RT-PCR in SG200 infections at 14 dpi ( Fig.  8A ), and teliospores with darkly pigmented cell walls were evident at 14 dpi in SG200 strains but not in SG200 otef:as-ssm1 s strains (Fig. 8B ). Patches of pigment were noted in SG200 otef:as-ssm1 s strains, however teliospores were not observed. At 21 dpi, teliospores that appear to be mature, having dark pigmentation and visible echinulation, were present in SG200 and SG200 otef:as-ssm1 s strains (data not shown). . Growth of SG200 wild-type and as-ssm1 over-expressing strains in axenic culture and in planta.
A. Growth curves generated by SG200 and as-ssm1-expressing strains. Equivalent cellular concentrations of SG200, SG200 otef:as-ssm1 s and SG200 otef:as-ssm1 m haploid cells were inoculated into YEPS medium, and OD600 measurements were taken every 3 h. Three technical replicates are presented, and error bars indicate standard deviation. Growth rates are significantly different from one another (One-way ANOVA; p < 1.4 e 210 ). B. Seedling pathogenesis assays of SG200 and SG200 otef:as-ssm1 s strains (Mann-Whitney U; p 5 7.7 e
209
). (A) Seven-day-old corn seedlings (n 5 179 per strain) were infected and disease symptoms were scored at 7, 10 and 14 dpi. Disease symptoms are listed in the legend. Three technical replicates are included. Bars represent percentage distribution of each disease score. C. Photographic representation of attenuated virulence during infections with SG200 otef:as-ssm1 s haploid cells compared with wild-type SG200 infections at 14 dpi.
Expression of as-ssm1 results in attenuated mitochondrial membrane potential and oxygen consumption
Mitochondrial activity was assessed in two ways: 1) by staining with MitoTracker Red CMXRos, a mitochondria specific dye that exhibits a level of accumulation correlated with mitochondrial membrane potential, and 2) by determining cellular respiration rates via oxygen uptake measurement using a Clark-type microrespirometer. With MitoTracker Red CMXRos staining, SG200 cells fluoresced with significantly greater intensity than SG200 otef:as-ssm1 s cells (Fig. 9A ) and oxygen consumption rates of SG200, determined by microrespirometer readings, were higher than those of SG200 otef:as-ssm1 s strains. SG200 strains consumed oxygen at 1.4 times the rate of SG200 otef:as-ssm1 s strains (Fig. 9B ).
The effect of ectopic as-ssm1 expression on Ssm1 protein levels
The ssm1 open reading frame predicts an 89 kDa Ssm1 peptide. TargetP analysis identified a mitochondrial transit peptide cleavage site that would remove a 4.39 kDa N-terminal fragment of the protein. ProP analysis identified a furin-type endopeptidase cleavage site that would remove an 18.61 kDa fragment from the C-terminus (Fig. 10A) . Interestingly, the latter cleavage occurs at a conserved fungal motif (FLVLHELTA) with unknown function. If both cleavages occurred, the mature protein is predicted to be 66 kDa. To assess whether as-ssm1 expression influences Ssm1 protein levels, total protein was isolated from SG200, SG200 otef:as-ssm1 s and SG200 otef:as-ssm1 m strains (OD 600 of 1) and concentrations were normalized using a standard Bradford assay. Western blot analysis detected the presence of a 66 kDa protein. Protein levels were estimated by comparison with an A-tubulin protein loading control using ImageJ software. No significant differences in Ssm1 protein levels were detected (Fig. 10B) . A. Seven-day-old corn seedlings were infected with SG200 and SG200 otef:as-ssm1 s strains. Total RNA was harvested, for RT-PCR analysis, from infected tissue at 6 and 14 dpi. * Indicates lack of teliospore-specific gene transcript. The internal control was GAPDH mRNA. A size marker was included (M), along with genomic DNA PCR controls (gDNA) and a no template control (NTC). B. Microscopy of infected leaf tissues at 14 dpi. Teliospores present only in SG200 infections are indicated by an arrow (4003). 
Discussion
Comprehensive EST library analysis identified 292 NATs complementary to 247 ORFs in the U. maydis transcriptome (Ho et al., 2007; Morrison et al., 2012; Donaldson and Saville, 2013) . A subset of these NATs exhibit complementarity to genes in the nucleus that encode mitochondrial proteins (M.E. Donaldson et al., unpublished) , and some NATs are up-regulated or exclusively expressed in the dormant teliospore (Donaldson and Saville, 2013) . NATs that fall into both categories are candidates for examining NAT-mediated control of genes in the nucleus that encode mitochondrial proteins, which regulate processes such as mitochondrial biogenesis, cellular respiration and initiation/maintenance of metabolic dormancy (Tzagoloff and Myers, 1986) . One of these genes, the mitochondrial seryl-tRNA synthetase (ssm1) and its antisense (as-ssm1) which is preferentially expressed in the teliospore, were investigated.
Functional natural antisense transcription
Natural antisense transcription was confirmed at 33 U. maydis loci overlapping nucleus-encoded genes with mitochondrial functions (Fig. 1) . These NATs have an average length of 720 nt and overlap the complementary mRNA at the 5 0 end, the 3 0 end or are embedded within the ORF. The protein-coding genes at several of these loci have roles in cellular metabolism and respiration, including a citrate synthase (UMAG_01627), an aketoglutarate dehydrogenase (UMAG_10533) and a seryl-tRNA synthetase (UMAG_12232). Deletion analyses of orthologous genes in S. cerevisiae (CIT1, KGD1, DIA4, respectively) revealed they are involved in mitochondrial biogenesis and respiration (Repetto and Tzagoloff, 1989; Hughes et al., 2000; Hess et al., 2009) . Given that multiple nucleus-encoded genes with essential mitochondrial roles have overlapping NATs, and that NATs have previously been found to alter the expression of their complementary mRNAs in U. maydis (Donaldson and Saville, 2013) , we wondered whether natural antisense transcription at these 33 loci could alter expression of their complementary mRNAs and thus regulate cellular metabolism in the dormant teliospore. One trait of functional NATs is that they are expressed in a cell-type-specific manner Lapidot and Pilpel, 2006; Ponting et al., 2009; Ling et al., 2013) . Since the teliospore is a dormant structure, it was predicted that if NATs altered expression of mitochondrial genes, they would be exclusively detected in the dormant teliospore. Analysis of NAT expression patterns at the 33 loci in various cell types revealed the mitochondrial seryl-tRNA synthetase (UMAG_12232; ssm1) locus as the only locus with teliospore-specific NAT expression. This NAT (as-ssm1) is 2,057 nt long and overlaps a large portion of the ORF and 20 nt of the 3 0 UTR (Fig. 2) . A similar "tail-to-tail" transcript orientation profile was previously identified as functional in U. maydis at the 2,5-diketo-D-gluconic acid reductase locus (UMAG_02151; Donaldson and Saville, 2013) . There is a preference for this "tail-to-tail" transcript arrangement in species ranging from the protozoan parasite Plasmodium falciparum (Siegel et al., 2014) to higher-order eukaryotes including mice, as well as higher inter- species conservation of "tail-to-tail" NATs when compared with "head-to-head" or "embedded" orientations . The widespread existence and preference of this transcript arrangement suggests a possible conserved biological function of these ncRNAs.
Inter-species conservation of NAT expression is often another indicator of functionality (Ling et al., 2013) . A characterized NAT to the human hypoxia-inducible factor subunit-a (HIFa) is conserved in rodent species, with similar functional roles as the human counterpart , and a NAT to the U. maydis UMAG_02151 is conserved in Ustilago hordei (Donaldson and Saville, 2013) . The presence of a NAT to the ssm1 ortholog in U. hordei was not thoroughly assessed (data not shown), however RNA-seq and RT-PCR indicate that there is a NAT complementary to the S. reilianum ssm1 ortholog and that it is preferentially expressed in the teliospore (Fig. 3) . The U. maydis asssm1 is a 2 kb transcript overlapping the 3 0 end of the mRNA, however the corresponding NAT in S. reilianum is significantly shorter (114 nt) and is fully embedded within the mRNA. Since S. reilianum retains the functional RNAi pathway unlike U. maydis, it is possible that cleavage of a larger transcript yields the smaller NAT. While future characterization of this NAT in S. reilianum could determine if its function mirrors that of its U. maydis counterpart, its presence is suggestive of conserved modulation of ssm1 expression in these fungi.
The mitochondrial seryl-tRNA synthetase
The U. maydis ssm1 belongs to a group of conserved proteins called aminoacyl-tRNA synthetases (aaRS), which charge tRNAs with their cognate amino acid for incorporation on the growing peptide chain. Given the essential role of aaRSs in protein translation, it was important to determine the phenotype of a U. maydis ssm1 disruption strain. When ssm1 was not expressed, the cells appeared to be lysing, indicating expression of ssm1 is essential for cellular integrity and viability (Fig.  5) . The essential nature of ssm1 suggested that it was critical to mitochondrial protein synthesis, and that without it mitochondria would be defective, contributing to the observed morphological phenotype. It is possible that in the absence of ssm1, cells undergo apoptosis as a result of defective mitochondria. Close links are established between mitochondrial function and apoptosis, as mitochondrial signals activate apoptosis in a wide range of species including yeast (Eisenberg et al., 2007) . Once a decision has been made to activate apoptotic cell death in yeast, apoptotic factors are secreted into the cytoplasm, followed by mitochondrial fragmentation/hyperpolarization, oxidative burst, and finally reduction in mitochondrial membrane potential (reviewed in Eisenberg et al., 2007) . Therefore, it is possible that the morphological abnormalities observed upon ssm1 disruption are either (A) a result of apoptosis activation leading to alterations to mitochondrial function or (B) the cause of alterations to mitochondrial function which subsequently trigger apoptosis. However, further work is required to clarify the relationship between the abnormal morphological characteristics and mitochondrial alterations brought on by ssm1 disruption, and whether apoptosis plays a role. Similarly dramatic phenotypes have been identified upon depletion of ssm1 orthologs. Inactivation of the ssm1 ortholog in Nicotiana benthamiana (NbSRS) resulted in developmental arrest of the mitochondria, as well as alterations in mitochondrial morphology, abundance and size (Kim et al., 2005) . Mutations in the human ssm1 ortholog (SARS2) give rise to mitochondrial HUPRA syndrome, characterized by significant loss of mitochondrial function (Belostotsky et al., 2011) . While S. cerevisiae can survive without mitochondria (Jacobson et al., 1993) , deletion of the ssm1 ortholog (DIA4) resulted in altered respiratory growth, abnormal mitochondrial morphology, and decreased lifespan (Dimmer et al., 2002; Burtner et al., 2011) . Mitochondrial protein translation products were undetected in DIA4 deletion strains (Merz and Westermann, 2009) , indicating the ssm1 ortholog is required for mitochondrial protein synthesis. These findings suggest Ssm1 is essential for mitochondrial function in plants, animals and fungi. Given that dormant fungal spores are characterized by drastically reduced cellular respiration and protein translation (Sussman and Douthit, 1973) , altering Ssm1 function in U. maydis could result in the reduced metabolic rate of dormant teliospores. Therefore, the ability of as-ssm1 to regulate cellular metabolism through altering ssm1 expression was examined.
NAT expression during dormancy
To begin investigating the potential for S/AS interactions at the ssm1 locus, we wondered at what stage of pathogenic development within the host expression of asssm1 is initiated. The process underlying pathogenic development of U. maydis culminating in teliospore production is well known (Banuett and Herskowitz, 1996) . Upon successful fusion of compatible haploids to produce the filamentous dikaryon, the hyphae undergo morphological changes which lead to teliospore formation. Specifically, the hyphae become embedded in a matrix where they fragment and round, followed by deposition of a specialized cell wall. Once the cell wall becomes pigmented and echinulate, teliospores are considered mature. Teliospores that are mature have been isolated from tumours and determined to be dormant (Caltrider and Gottlieb, 1963) however the timing of the transition between the first visual appearance of mature teliospores and dormancy has not been determined. In our analyses, as-ssm1 and the first teliosporespecific transcripts were detected at 10 dpi (Fig. 4) . This timing coincides with the transition from dikaryotic hyphae to teliospore, as teliospore initials are present by 9 dpi and visually mature teliospores are present by 12 dpi (Doyle et al., 2016) . The presence of as-ssm1 is also detected in isolated teliospores that are dormant. Therefore, as-ssm1 expression and the transition from metabolically active dikaryon to dormant teliospore are temporally linked and as-ssm1 expression persists during teliospore dormancy. This is consistent with NAT expression being involved in initiating as well as maintaining teliospore dormancy. We do not propose that the expression of as-ssm1 is the defining event leading to teliospore dormancy. It is likely this is one of a series of events that result in a dormant teliospore. We have evidence that transcription persists after the appearance of as-ssm1 (K.M. Goulet and B.J. Saville, unpublished) and the data discussed below support the involvement of other, yet undiscovered, gene products that may be required to initiate dormancy and to maintain the teliospore in a dormant state. The expression of as-ssm1 is proposed to be one of the early events in the transition to teliospore dormancy.
Functional analysis of as-ssm1
If as-ssm1 is capable of altering ssm1 expression, there was a need to examine its impact in an experimentally tractable cell type. as-ssm1 expression in haploid cells led to an increase in ssm1 transcript levels and the formation of as-ssm1/ssm1 dsRNA (Fig. 6) , suggesting that as-ssm1 may block access to nuclease recognition sites, preserving ssm1 mRNAs during teliospore dormancy (Fig. 6) .
mRNA steady-state levels are a product of transcription and degradation, and it is well established that 3 0 UTRs are involved in controlling mRNA stability (Hesketh, 2005) . Nishimura et al. (2004) identified a case of NAT-mediated control of mRNA stability in C. reinhardtii, where exonuclease-based atpB mRNA degradation was prevented through NAT expression and the formation of dsRNA duplexes at the poly(A) addition site. In addition, the human hypoxia-inducible factor (HIFa) mRNA is regulated by a NAT that alters the ratio between two HIFa splice variants during hypoxia (Rossignol et al., 2002; Uchida et al., 2004) . This is accomplished by NAT-mediated exposure of an AU-rich element (ARE) in one splice variant, shifting the abundance of transcripts towards the other variant. AREs are stretches of adenine and uridine-rich sequence within the 3 0 UTR of many mRNAs, which are recognized by RNA-binding proteins that decay the mRNA (Barreau et al., 2006) . NATmediated mRNA stabilization has also been identified at the human beta-secretase-1 (BACE1) and B-cell lymphoma 2 (Bcl-2) loci, where the former involves masking a microRNA site and the latter involves the masking of an ARE located in the 3 0 UTR (Bevilacqua et al., 2000; Faghihi et al., 2008) . While microRNAs have not been detected and recognizable AREs are not present in U. maydis, as-ssm1 could be exerting control over mRNA stability by masking, as of yet, unidentified control regions in the 3 0 UTR of ssm1. Given that ssm1 S/AS dsRNAs are formed and that ssm1 expression is required for cell viability, the possibility that the S/AS interaction moderates mitochondrial function was explored. Cellular respiration is linked with proliferation rates (Danes et al., 1954) , and we identified that ectopic expression of as-ssm1 reduced haploid cell growth rate in a copy-dependent manner (Fig. 7) . The impact of as-ssm1 expression on growth is further supported by the delay in pathogenic development upon infection by SG200 otef:as-ssm1 s relative to SG200 strains (Fig. 8) . This is consistent with SG200 otef:asssm1 s strains being developmentally delayed relative to SG200, and suggested that as-ssm1 expression attenuates development within the host. While we cannot rule out the possibility that as-ssm1 has also a pathogenesisspecific function, the attenuation of growth in axenic culture and during infection of the host are consistent with as-ssm1-dependent alterations in growth through a reduction in mitochondrial function. Fluorescent mitochondrial staining and oxygen consumption assays revealed a reduction in mitochondrial membrane potential and 1.4-fold reduction respiration rate in SG200 otef:as-ssm1 s cells (Fig. 9) . These mitochondrial and respiratory deficiencies provide a possible explanation for the reduced growth rate phenotype seen in haploid cells engineered to express as-ssm1, and suggest that as-ssm1 expression in the dormant teliospore could similarly function to repress mitochondrial function, contributing to establishing metabolic dormancy. In S. cerevisiae, "petite mutants" are strains which produce small colonies in the presence of limiting amounts of a fermentable carbon source (Ephrussi et al., 1949) . The phenotype results from the production of defective mitochondria, as the mutants display lesions in the mitochondrial genome (cytoplasmic petites) or alterations in nucleus-encoded mitochondrial proteins (nuclear petite or pet mutants), with the latter characterized by deficiencies in cellular respiration (Tzagoloff and Dieckmann, 1990) . The respiratory defects are often caused by mutations in nuclear genes encoding Antisense transcripts are linked to teliospore dormancy 755 components of the electron transport chain, mitochondrial morphology genes or genes required for mitochondrial RNA and protein synthesis (Tzagoloff and Dieckmann, 1990; Merz and Westermann, 2009 ). In S. cerevisiae, defects in nucleus-encoded genes required for mitochondrial protein translation, including mitochondrial aaRSs such as the ssm1 ortholog, promote loss of wild-type mtDNA and accumulation of defective mitochondria (Myers et al., 1985) . SG200 otef:as-ssm1 s haploid cells mimic the pet mutants in their reduced growth rate and mitochondrial function, as well as respiratory deficiency. pet mutants display defects in oxidative phosphorylation, therefore similar defects could explain the phenotypes observed in SG200 otef:asssm1 s strains. The phenotype of as-ssm1-expressing cells is also consistent with NAT expression reducing oxidative phosphorylation and lowering ATP levels, leading to the onset of a dormant cellular state. The formation of as-ssm1/ssm1 mRNA duplexes may protect the mRNA from degradation and block translation in a reversible manner. This mechanism of mRNA stabilization would preserve the ssm1 mRNA so that it could be translated rapidly without the requirement for transcription. Translation has been detected in germinating teliospores at 6 h post-induction of germination (PIG), before the onset of mRNA transcription (Tripathi and Gottlieb, 1974) . Stabilization of mRNAs was found to result in translational repression in mammalian cells (Kawai et al., 2004) . If S/AS dsRNA formation in U. maydis results in translational repression of the mRNA, as-ssm1 expression would lead to a decrease in Ssm1 protein levels, which would have a detrimental effect on mitochondrial protein translation and metabolism. As such, as-ssm1 function could reduce mitochondrial protein translation, contributing to the reduced metabolic level characteristic of dormant teliospores.
Western blot analyses and cleavage predictions herein suggest that Ssm1 undergoes post-translational cleavage. Given that Ssm1 appears to undergo posttranslational modifications in addition to participating in RNA-mediated interactions, it is clear that the expression of Ssm1 is controlled at many levels. Consistent with the concept of ssm1 expression being controlled at more than one level, Western blot analysis indicates that Ssm1 protein levels are unchanged in SG200 otef:as-ssm1 strains (Fig. 10) . Expressing the NAT to the U. maydis UMAG_02151 locus also resulted in S/AS dsRNA formation and increased levels of mRNA but no detectable difference in protein level (Donaldson and Saville, 2013 ). An increased level of mRNAs without a corresponding increase in protein level suggests that the expression of NATs reduced the number of mRNAs translated. That is, as-ssm1 binding to ssm1 mRNA results in at least some level of translational interference.
We recognize that as-ssm1 expression in haploid cells is an artificial cellular state and that translation repression in the teliospore could be more dramatic. This is a possible explanation for why the phenotypes observed in asssm1-expressing haploid cells is less severe than observed in the wild-type teliospore (e.g., only moderate reduction in mitochondrial membrane potential). It is possible that the expression of other genes, in a teliosporespecific manner, facilitate more complete translational repression of mRNAs bound as dsRNAs. Obvious contenders for this function are dsRNA-binding proteins, including RNA helicases. U. maydis has 46 RNA helicases and several are upregulated in the teliospore and downregulated in the first 9 h PIG (A.M. Seto and B.J. Saville, unpublished) . One in particular, Ded1, is known to be involved in enhancing S/AS dsRNA interactions in Schizosaccharomyces pombe (Raponi and Arndt, 2002) . RNA helicases are capable of binding to dsRNA, forming a clamp that protects the RNAs and prevents translation (Reviewed in Owttrim, 2013) . RNA helicases would also be required to unwind dsRNA upon receiving the signal for teliospore germination, so it is reasonable to suggest that a distinct RNA helicase profile in haploid cells relative to dormant teliospores could alter the impact of dsRNA formation on translation. In fact, our laboratory recently identified distinct RNA helicase profiles in haploid cells and dormant teliospores (A.M. Seto and B.J. Saville, unpublished) . Therefore, one of the possible mechanisms by which as-ssm1 functions could be initiating the formation of ribonucleoprotein (RNP) complexes that preserve mRNAs and inhibit translation in the teliospore. RNA-seq revealed that as-ssm1 transcript levels are elevated in the dormant teliospore and decrease in the first 9 h PIG (M.E. Donaldson et al., unpublished) . This is consistent with S/AS dsRNA initiating the formation of RNP complexes, containing RNA helicases, during the teliospore dormancy and the subsequent dissociation of these complexes upon the initiation of germination.
The reduction of growth rate and reduced mitochondrial activity in as-ssm1-expressing haploid cells without the alteration of Ssm1 protein levels are also consistent with as-ssm1 functioning, at least in part, via a mechanism that does not involve alteration of protein level. asssm1 expression may alter the subcellular localization of Ssm1 or it may alter mitochondrial function in an, as of yet undiscovered, RNA-mediated manner. Investigating these possibilities was beyond the scope of the presented work, but is a component of our ongoing investigation of NAT function in U. maydis.
The data presented here have allowed us to refine the model of NAT-mediated mRNA stability during teliospore dormancy first proposed in Donaldson and Saville (2013) . In the new model (Fig. 11) , we propose that during entrance into a dormant state, S/AS transcripts are processed, polyadenylated, and exported to the cytoplasm, where they form dsRNAs that act as nucleation sites for RNA-protein complexes containing RNA helicases. These complexes preserve the mRNAs during dormancy and when the sugar signal is received that initiates germination, the helicases unwind the dsRNA duplex, making the mRNA available for immediate translation. The resulting Ssm1 protein is proposed to be involved in increasing the activity of the mitochondria, bringing about the increased metabolic activity observed in germinating teliospores. We also proposed that ssm1 is only one of the genes whose expression is reproducibly altered, leading to the attenuation of mitochondrial function. Several other nucleus-encoded genes that encode mitochondrial proteins with teliospore-specific NATs have been detected by RNA-seq analysis initiated during the completion of this project (M.E. Donaldson et al., unpublished) . This model is part of a larger view of teliospore dormancy in which we propose that molecules required for dormancy accumulate after teliospores appear mature but before they become dormant, and some of these molecules are NATs. Then, at an undefined time point, the teliospore enters dormancy. Perhaps reduced mitochondrial activity brought on by the activity of NATs is part of the trigger stimulating a cascade toward dormancy as the model indicates a possible RNA-mediated function of as-ssm1 and other NATs during teliospore dormancy and germination.
Conclusions
Ectopic expression of a dormant teliospore-enriched NAT in haploid cells resulted in dsRNA formation with its sense counterpart and increased levels of the complementary mRNA, as well as a reduction in the level of mRNA translated, mitochondrial membrane potential, oxygen consumption rates, cellular growth rate and pathogenesis. These findings support a potential role for NATs in regulating key processes such as cellular respiration and metabolism during teliospore formation, persistence and germination in the model fungal pathogen U. maydis. The mechanisms by which this function is carried out likely involve reducing the level of protein produced through initiating the formation of a RNA-protein complex that has not been identified, and by an RNA-mediated mechanism that does not involve altering protein levels. Once considered transcriptional noise, NATs are proving to be important regulators of gene expression in key developmental processes.
Experimental procedures
Strains and growth conditions
All U. maydis and S. reilianum strains used in this study are listed in Table 1 . Unless otherwise noted, U. maydis haploid cells were grown overnight in YEPS medium (1% w/v yeast extract, 2% w/v peptone, 2% w/v sucrose) at 288C, 250 rpm. S. reilianum haploid cells were grown in potato dextrose broth (PDB; BD, Difco) for 48 h at 228C, 250 rpm.
Total RNA extraction, DNase I treatment, first-strand synthesis, and RT-PCR Ustilago maydis tissue samples were disrupted as per Zahiri et al. (2005) , and total RNA was isolated, precipitated, DNAse I-treated and screened for gDNA Fig. 11 . A model of antisense transcript influence on mitochondrial function in the teliospore. In haploid cells engineered to express as-ssm1, NATs and mRNAs corresponding to genes in the nucleus that encode mitochondrial proteins are transcribed, processed and exported to the cytoplasm, where they form dsRNA duplexes, reducing mitochondrial function through an RNA-dependent mechanism. In the dormant teliospore, NATs and mRNAs corresponding to nucleus-encoded mitochondrial proteins are transcribed, processed and exported to the cytoplasm, where they form dsRNA duplexes that initiate the formation of RNP complexes. These complexes block translation, inhibiting mitochondria function. This model is modified from a model proposed by Donaldson and Saville (2013) .
contamination following protocols outlined in Morrison et al. (2012) . RNA quality was assessed through electrophoretic separation of glyoxalated RNA on an agarose gel (1X BPTE), as per Sambrook and Russell (2001) . S. reilianum dikaryon and teliospore total RNA samples were generously donated by Dr Michael Donaldson (Trent University, Peterborough, Ontario), and had previously been DNase Itreated and assessed for quality. Primers for all strandspecific first-strand synthesis reactions as well as subsequent RT-PCR reactions were designed based on genome sequences retrieved from the Munich Information Centre for Protein Sequences (MIPS) U. maydis database (MUMDB; Mewes et al., 2008) and all primers are listed in Supporting Information Table S2 . Primer design followed protocols outlined in Ho et al. (2010) using Primer3web (Untergasser et al., 2012) . First-strand synthesis reactions were carried out with the TaqMan Gold RT-PCR kit (Applied Biosystems) under the conditions outlined in Ho et al. (2010) , with firststrand primers including Oligo(dT) 16 , DEPC-treated H 2 O (to assess the occurrence of false-priming by overlapping transcripts), a sense-specific primer or an antisense-specific primer. Resulting cDNA was diluted eightfold (1:7) with dH 2 O, and RT-PCR reactions were carried out with an AmpliTaq Gold DNA Polymerase kit following protocols outlined in Morrison et al. (2012) . One third of the RT-PCR product volume was separated through agarose gel electrophoresis (1X TAE), and was visualized by ethidium bromide staining (0.3 mg ml 21 ; BioShop).
Creation of a U. maydis as-ssm1-expressing strain All vectors used in this study are listed in Supporting Information Table S3 . Ectopic expression constructs in this study were created using the p123 shuttle vector. p123 provides ampicillin resistance for bacterial transformation, and carboxin resistance for genome integration at the ip locus of U. maydis. p123 is equipped with a constitutive otef promoter (P otef ) upstream of a GFP reporter ORF (egfp). In each expression construct created, GFP was replaced with the genomic region of interest.
Unless otherwise noted, all procedures followed the manufacturer's recommended protocols. To express as-ssm1 under P otef in p123, the 2 kb region was amplified with primers introducing restriction endonuclease cleavage sites at the 5 0 and 3 0 ends of the product (um12232 ipAS-F and um12232 ipAS-R) using Phusion High-Fidelity DNA Polymerase (Thermo Scientific), to enable cloning into p123. The PCR product and p123 plasmid were digested with restriction endonucleases (New England Biolabs) and purified with the QIAquick Gel Purification kit (Qiagen). The purified, digested PCR product and linearized vector backbone were ligated with T4 DNA ligase (New England Biolabs), and this ligation product was transformed into Subcloning Efficiency DH5a Competent Escherichia coli Cells (Life Technologies). Selection was carried out on plates containing ampicillin (100 lg ml
21
). Plasmid DNA was isolated from bacterial colonies using an Illustra PlasmidPrep Mini Spin Kit (GE Healthcare Life Sciences) and sequenced on a 3730 DNA Analyzer (ABI) platform using Big Dye Terminator chemistry V3.1 (ABI). Sequences were analyzed using Seq Man Pro software (Lasergene). Confirmed constructs were subsequently linearized and transformed into U. maydis SG200 competent protoplasts through transformation protocols as outlined in Morrison et al. (2012) . Transformed protoplasts were spread onto plates supplemented with 4 lg ml 21 carboxin (Sigma-Aldrich). Genomic DNA was isolated from putative transformants using the method described by Hoffman and Winston (1987) . Successful U. maydis transformants were confirmed through Southern Blot analysis using the DIGHigh Prime DNA Labeling and Detection Starter Kit I (Life Science), and carboxin-specific probes were created following the manufacturer's protocol. In the case of SG200 otef:as-ssm1 s and SG200 otef:as-ssm1 m as well as SG200Dssm1 crg1:ssm1 strains, subsequent semiquantitative RT-PCR reactions were also conducted (as outlined above) to confirm as-ssm1 and ssm1 expression respectively.
Creation of a U. maydis ssm1 deletion strain Traditional PCR-based methods were used in attempts to delete ssm1 (K€ amper, 2004) , however the inability to cultivate viable mutants, after several well-controlled trials, suggested deletion of the gene may be lethal. Therefore, a two-step gene disruption method was employed, allowing for carbon source regulation of ssm1. A p123 expression construct was first created to express ssm1 under the Larabinose-inducible crg1 promoter (P crg1 ) for transformation into the ip locus of U. maydis. P crg1 was inserted in place of Schirawski et al. (2005) the P otef with primers Crg1 ip-F-KpnI and Crg1 ip-R, and ssm1 was ligated downstream with primers um12232 ip-F and um12232 ip-R, for transformation into E. coli as described above. The expression construct was purified and confirmed by sequencing before being transformed into competent SG200 protoplasts as previously described (Morrison et al., 2012) . Genomic DNA was isolated and successful transformants were confirmed through PCR screens and Southern Blot analysis, using a probe directed against the iron-sulphur protein (UMAG_00844) of the succinate dehydrogenase complex (region of p123 integration). These ectopic expression mutants (SG200 crg1:ssm1) were then protoplasted, making them competent for transformation. A construct to disrupt the native ssm1 locus was created by a PCR-based method (K€ amper, 2004) using the plasmid pMF1-h containing a hygromycin resistance cassette (Hyg R; Brachmann et al., 2004 ; received from J€ org K€ amperKarlsruhe Institute of Technology, Karlsruhe, Germany). DNA fragments of 1 kb flanking ssm1 were amplified with primers to introduce SfiI restriction endonuclease cleavage sites on the 3 0 end of the left flanking region (um12232-Disrupt LF and um12232-Disrupt LR-SfiI) and the 5 0 end of the right flanking region (um12232-Disrupt RF-SfiI and um12232-Disrupt RR) using Phusion High-Fidelity DNA Polymerase (Thermo Scientific). The left and right flanks and pMF1-h were digested with SfiI. The Hyg R cassette (2.7 kb) from the digested pMF1-h was isolated and purified along with the flanks using the QIAquick Gel Purification kit (Qiagen). The flanks were ligated to the Hyg R cassette using T4 DNA ligase (New England Biolabs), and the product with the correct ligation orientation (excised after gel electrophoresis) was purified using the QIAquick Gel Purification kit (Qiagen). The purified ligation (4.7 kb) was cloned into the PCR-XL-TOPO vector (Life Technologies), and was subsequently transformed into One Shot Chemically Competent TOP10 E. coli cells (Life Technologies) facilitating blue-white screening, with kanamycin selection.
Constructs were confirmed by sequencing as outlined above. The disruption cassette was amplified using primers um12232-Disrupt NF and um12232-Disrupt NR. The cassette was purified using the QIAquick Gel Purification kit (Qiagen), and was transformed into the competent U. maydis protoplasts expressing ssm1 under P crg1 as described above. Transformants were selected on hygromycin B (Bio Shop, 250 lg ml
). The transformed cells were plated on L-arabinose-containing medium to ensure ectopic expression of ssm1 at the ip locus. Genomic DNA was isolated from putative transformants as above, and successful U. maydis transformants (SG200Dssm1 crg1:ssm1) were confirmed through Southern Blot analysis using the DIG-High Prime DNA Labeling and Detection Starter Kit I (Life Science). Probes were generated against the 1 kb flanking region downstream of ssm1, and probe creation followed the manufacturer's protocol (Qiagen).
Generation of U. maydis protoplasts
Competent U. maydis protoplasts were prepared using a protocol modified from Wang et al. (1988) . Single U. maydis colonies of selected strains were pre-grown at 308C, 250 rpm in 3 ml complete medium (CM; 0.25% w/v casamino acids, 0.15% w/v anhydrous ammonium acetate, 1% w/v yeast extract, 1% w/v sucrose, 6.25% v/v salt solution -see Ho et al., 2010) , re-inoculated into a 1 L flask containing 100 ml CM and incubated overnight at 308C, 250 rpm. The cell volume was split into two 50 ml aliquots, pelleted (885 rcf, 5 min) and the supernatants were aspirated. The pellets were re-suspended in 20 ml 5 mM EDTA and 25 mM b-mercaptoethanol, vortexed and incubated at RT for 20 min on a rocking platform set to 3 (VWR, model 100). Cells were pelleted (885 rcf, 5 min), the supernatants were aspirated and the pellets were re-suspended in 10 ml Buffer I (50 mM sodium citrate, 1 M sorbitol, pH 5.8) by vortexing. Next, 5 ml of Buffer I with 20% w/v Lysing Enzyme (Sigma-Aldrich) was added, the mixtures were inverted, samples were taken for microscopic observation, and the cells were placed on a rocking platform until 30% of cells showed evidence of spheroplasting, or ballooning (7 to 12 min). Cells were then centrifuged (60 rcf, 10 min), the supernatants were aspirated and the pellets were resuspended in residual supernatant through inversion. Cells were washed twice in 10 ml Buffer I (60 rcf, 10 min), followed by twice (60 rcf, 10 min) in 10 ml Buffer II (1 M sorbitol, 25 mM tris-HCl pH 7.5, 50 mM CaCl 2 ). After resuspending cells in 2 ml of Buffer II, the two aliquots were combined and the final volume was measured. Cells were counted using a haemocytometer, and diluted to 2 x 10 8 cells ml 21 with Buffer II. For each ml, 250 ml PEG (50% w/v PEG 3350, 25 mM tris-HCl pH 7.5, 50 mM CaCl 2 ), 60 ml DMSO and 10 ml b-mercaptoethanol was added to the cells, mixed by inversion, and 500 ml aliquots were stored at 2808C.
Standard microscopy
Ustilago maydis strains were grown overnight in YEPA medium (1% w/v yeast extract, 2% w/v peptone, 1% w/v Larabinose) and normalized to an OD 600 of 1.0. An equal number of cells for each strain were washed, vortexed and centrifuged (2,460 rcf, 1 min) in sterile dH 2 O three times. The supernatant was aspirated, cells were re-suspended to an OD 600 of 1.0 in sterile dH 2 O, and 10 ml was inoculated into 3 ml fresh YEPA or YEPS medium and grown for 24 h. VistaVision Slides (VWR) were prepared with 10 ml cell suspensions, covered with a Microcover glass coverslip (VWR) and visualized at 4003 magnification on a Zeiss Axio Scope.A1 microscope (Zeiss).
S1 nuclease trimming and dsRNA detection
As a means of detecting dsRNA formation, 2.5 mg of DNase I-treated total RNA was incubated with S1 Nuclease (Life Technologies) at final concentrations of 0, 0.01, 0.1, 1 and 2 U ml 21 as described in Donaldson and Saville (2013) . Following trimming of single-stranded RNA (ssRNA), dsRNA was phenol/chloroform extracted and precipitated following manufacturer protocols with 5 M NH 4 OAc, 100% ethanol and 2.5 mg ml 21 GlycoBlue co-precipitant (Life Technologies) at 2208C for 60 min. Precipitated RNA was Antisense transcripts are linked to teliospore dormancy 759 re-suspended in 15 ml DEPC-treated H 2 O, and 2 ml was used as first-strand synthesis template, with an ssm1 sense-specific first-strand primer. RT-PCRs (carried out as above) were targeted at the overlapping region to detect dsRNA protection, and the non-overlapping region to confirm ssRNA degradation.
Liquid growth assays
Ustilago maydis strains were grown overnight and normalized to an OD 600 of 1.0. An equal number of cells for each strain were pelleted (2,460 rcf, 1 min), and washed in sterile dH 2 O three times. The supernatant was aspirated, cells were resuspended in 320 ml fresh YEPS medium, and 140 mL of the cell suspension was inoculated into 5 ml YEPS medium (250 rpm, 288C). OD 600 measurements were taken at 3, 6, 9, and 12 h to estimate of cell concentration. as-ssm1 expression growth assays were performed in triplicate. To assess the significance of differences in growth rates, Student t-Tests or single-factor analysis of variance (ANOVA) followed by Tukey Honestly Significant Difference (HSD) post-hoc pairwise comparisons, where appropriate, were conducted using Microsoft Excel to assess statistical significance.
Seedling pathogenesis assays
Golden Bantam Z. mays seeds (Ontario Seed Company) were planted (15 per 20 cm pot) in Sunshine Professional Growing Mix (Mix #1, Sungro Horticulture Canada). Seed germination and seedling growth was carried out in a Conviron CMP4030 growth chamber (18 h light, 70% RH, 308C; 6 h dark, 70% RH, 258C). Seedling assays were carried out following protocols outlined in Morrison et al. (2012) with the following modifications. Disease symptoms were scored at 7, 10 and 14 dpi), based on a 0-6 scoring scale modified from Gold et al. (1997) by Morrison et al. (unpublished) . Scores ranged from: 0 5 no symptoms; 1 5 anthocyanin; 2 5 leaf tumours; 3 5 small stem tumours <1mm; 4 5 large stem tumours >1mm; 5 5 stem tumours bending plant base; and 6 5 plant death. Pathogenesis assays were performed in triplicate, with 45 plants per biological replicate. Significant differences in strain virulence were identified through non-parametric Mann-Whitney U statistical analyses. For the in planta RNA time-courses, seedlings were infected with SG200 wild-type and SG200 otef:as-ssm1 s solopathogenic strains as above, and three samples of infected plant material (1.0 g each) were harvested at 6, 8, 10, 12, and 14 dpi. Infected material was frozen in LN 2 and stored at 2808C until RNA isolation.
Thin-section microscopy
Seven-day old seedlings were planted and infected as above with SG200 and SG200 otef:as-ssm1 s strains. Microscopy samples were harvested at 14 dpi following guidelines outlined in Banuett and Herskowitz (1996) with the following modifications by Doyle et al. (2016) . Doubleedged uncoated razors (American Safety Razor Company) were used to slice infected material horizontally. Crosssections were transferred to VistaVision glass slides (VWR). A drop of H 2 O was placed on the cross-section and slides were covered with a Microcover glass coverslip (VWR). Slides were observed at 4003 magnification using a Zeiss AxioScope.A1 under differential interference contrast lighting.
Mitochondrial staining and fluorescent microscopy
Ustilago maydis strains were grown overnight, an equal number of cells for each strain was centrifuged (2460 rcf, 1 min) and the supernatant was aspirated. Cell pellets were resuspended to an OD 600 of 0.5 in a final concentration of 0.5 mM MitoTrackerV R Red CMXRos (Life Technologies) diluted in 1 ml YEPS medium, and incubated at 288C, 250 rpm for 20 min. Cells were pelleted (2,460 rcf, 1 min), the supernatant was aspirated to 100 ml and cells were re-suspended. VistaVision slides (VWR) were prepared with 5 ml of cell suspensions and Microcover glass coverslips (VWR) were sealed with nitrocellulose and butyl acetate. Imaging was performed at 10003 magnification using an EVOS FL Auto Cell Imaging System (Life Technologies; kindly provided by Noble Purification Inc.), equipped with an EVOS Texas Red Light Cube (Life Technologies). Fluorescent intensity of n 5 200 cells per strain was examined with ImageJ software (NIH) to determine average relative fluorescent intensity per pixel per cell (RFI; n 5 200 per strain), and statistical significance was assessed by Student t-Tests using Microsoft Excel. Experiments were performed in triplicate.
Respiration assays
Ustilago maydis strains were grown overnight and cell concentrations were normalized. Oxygen consumption rates (OCR) were measured at 288C using a Clark-type MicroRespiration System (Unisense) kindly provided by Dr Paul Frost (Trent University, Peterborough, Ontario). MicroRespiration chambers (4 ml) were filled with liquid culture and placed in a 288C water bath. A MicroSensor probe was placed in the air tight chambers and was left for 3 min to stabilize. Recording of OCR measurements was initiated once O 2 levels began to drop. OCRs were recorded for 200 s, and experiments were performed in triplicate. Blank medium values were subtracted from sample OCR readings to obtain accurate measurements. Average O 2 consumption per hour (nmol/h) per mg of cells was calculated, and Student t-Tests using raw data were conducted using Microsoft Excel to assess statistical significance.
Protein extraction, standardization, and Western blotting
Total protein was extracted from haploid cells grown overnight in YEPS medium according to Donaldson and Saville (2013) , using Yeast Breaking Buffer (MP Biomedicals). Protein concentrations were normalized using the Quick Start Bradford Protein Assay (Bio-Rad) and a bovine g-globulin standard dilution series as in Donaldson and Saville (2013) . To detect Ssm1, Western blot analysis was conducted following SDS-PAGE (see Donaldson and Saville, 2013) . Proteins were electrophoretically transferred to a 0.2 lm PVDF membrane (Bio-Rad) which was probed with an affinity-purified polyclonal antibody produced in rabbits that is specific to the U. maydis Ssm1 peptide (Genscript; 1:1,000; ATPRTSSRFKSDAS) or a monoclonal antibody produced in mouse against fungal Atubulin (Sigma-Aldrich) as a protein loading control (1:1,000). Bound primary antibodies were detected with alkaline phosphatase conjugated secondary antibodies (Sigma-Aldrich; 1:50,000 mouse anti-rabbit IgG, or 1:2,000 rabbit anti-mouse IgG respectively). The membrane was developed for 30 minutes and left to dry overnight, then images were taken using the Geliance 600 Imaging System (Perkin Elmer). To quantify protein levels, ImageJ software (NIH) was used to assess Ssm1 and Atubulin band intensity. To standardize Ssm1 levels to the protein loading control, Ssm1 RFIs were divided by Atubulin RFIs for each sample. One-way ANOVA analysis revealed no significant differences.
